It is now over forty years since this technique was first reported by Corry, Wynn and Russell. Although it took some years for other labs to become proficient in and utilize this technique, it is now widely used by many laboratories around the world. A significant refinement to the original technique was developed and reported in 2001 by Niimi. Described here are the techniques that have evolved over more than a decade in the hands of three surgeons (Plenter, Grazia, Pietra) in our center. These techniques are now being passed on to a younger generation of surgeons and researchers.
Introduction
In an era when it is possible to perform kidney, lung, liver and pancreas transplants in mice, the cornerstone of basic organ transplant and immunology research since 1973 [1] [2] [3] [4] remains the heterotopic heart transplant model in the mouse. In the intervening years several papers have been published detailing improvements/refinements 5, 6 to this procedure.
As a model of solid organ primarily vascularized transplantation this procedure is second to none. Once mastered this procedure lends itself to research into allogeneic rejection responses 7 , the development of chronic vasculopathies 8 and the mechanisms of ischemia reperfusion injury 9 .
The keys to successfully learning this procedure are just like any other surgery, patience on the part of the instructor and the trainee and attention to detail. At the beginning of the process the new surgeon will find that they will spend many hours on each transplant. As experience is gained, surgical times, and therefore ischemia, will drastically reduce. Paying attention to the details of every step will sooner or later lead to success.
Heart Implant Technique
1. Anesthetize the recipient mice with pentobarbital (60 mg/kg IP initial dose, 25 mg/kg IP supplemental dose if required). 2. Clip the fur and immobilize the mouse by 4-way restraints and prep the skin with povidone-iodine and drape in a sterile fashion. 3. Make a 2 cm midline vertical abdominal incision and enter the abdominal cavity. 4. Retract the bowel superiorly and externalized on to the chest. Keep wrapped in sterile moist gauze (sterile saline) throughout the case. 5. Isolate the abdominal aorta and inferior vena cava (IVC) below the renal vessels and place 4-0 cotton ties around the aorta and IVC superior then inferior to the anastomosis site. 6. Identify any lumbar vessels within the field and ligate with 10-0 nylon suture. 7. Knot the cotton ties, first the inferior followed by the superior. In this way some blood is retained in the aorta making the aortotomy easier. 8. Form the aortotomy with a 30 G needle to enter the lumen of the aorta. Extend the incision with fine micro scissors to a length of approximately 2 mm. This incision is made in a straight line along the longitudinal axis of the vessel. 9. Make an end to side anastomosis of the donor aorta to the recipient aorta in the following fashion. Place a 10-0 nylon suture stay stitch in the donor aorta and to the inferior angle of the incision in the recipient aorta and tie. Place a second 10-0 nylon opposite the first in the donor aorta and the superior corner of the incision in the abdominal aorta and tie. 10. Make a running suture line from superior to inferior in the lateral wall of the aorta and tie against the previously placed stay stitch. Be sure to bring the intimas (inner vessel surface) together as you stitch. Then suture the medial side in a running fashion and tie. The first and last stitch on each side should be placed as close to the stay stitches as possible. Then aim to have 3 evenly spaced stitches between these two making a total of 5 stitches. 11. Make an end to side anastomosis of the donor pulmonary artery to the recipient IVC in the following fashion. Puncture the IVC with a 30 G needle and extend the incision for approx. 2 mm with fine micro scissors. This incision is made in a straight line along the longitudinal axis of the vessel. 12. Tie the donor pulmonary artery to the inferior corner of the incision in the IVC with 10-0 nylon. Place a second 10-0 nylon opposite the first in the donor artery and the superior corner of the incision in the IVC and tie. 13. Make a running suture line between the pulmonary artery and the IVC and tie. The first and last stitch on each side should be placed as close to the stay stitches as possible. Then aim to have 5 evenly spaced stitches between these two making a total of 7 stitches. 14. Release the distal 4-0 cotton tie re-establishing venous flow. 15. Once hemostasis of the venous anastomosis has been observed the proximal 4-0 cotton tie is gradually loosened and the arterial anastomosis observed for hemostasis. When both anastomoses are considered secure, remove the cotton ties from the mouse. 16. Return the bowel to the abdomen. The abdominal wall is closed in two layers using 5-0 Silk suture in a running fashion. 17. Administer a 1.0 ml bolus of sterile, warm normal saline into the abdomen as fluid resuscitation upon closing, and 0.8 ml of normal saline is injected subcutaneously post-operatively. No other supportive measures are required during the surgery. Recover the animal on a warming blanket. Total implant time is approx. 90-120 min for beginners, 45-60 min with experience. Administer buprenorphine analgesia, 0.05 mg/kg, SC, 0.1-0.2 ml at the beginning of the procedure and every 6-12 hr for 72 hr post-op.
Representative Results
The utilization of this surgical technique opens the way for either simple graft survival/rejection studies, or quite complex experimental protocols. In the study briefly described in the figure below, we sought to define the involvement, if any, of Fas and/or perforin as mechanisms of CD4 T cell mediated cardiac rejection. This was made possible by the extraordinary array of mouse strains that are available today. Results demonstrate that the direct rejection of cardiac allografts by CD4 effector T cells requires the alternative contribution of graft Fas expression and T cell perforin expression. To our knowledge, this is the first demonstration that cytolytic activity by CD4 T cells can play an obligate role for primary acute allograft rejection in vivo. 
Discussion
This surgical technique is not easy to master, but once mastered is a powerful research tool. The researcher/surgeon is rewarded by consistency of technique and by attention to detail. Patience during the learning phase is key. As published by Niimi3, with the aid of a video based learning tool it takes an average of 11 attempts to achieve the first successful procedure and 78 attempts to achieve a 90% success rate. Videos have become an important teaching tool in surgery 11, 12 .
Troubleshooting
Bleeding from the anastomoses may occur and this is likely due to either lack of correct tension in the sutures, or too few sutures. While a clotting inducing agent such as Gelfoam can be useful for reducing leaks, we recommend that the surgeon should rely on good technique. Congested non-beating heart is most commonly due to anastomoses that are too tight, particularly on the venous side. A non-beating, nonperfused graft is commonly caused by an air bubble that has traveled into one of the coronary arteries. It is important to maintain a damp-to-wet field to avoid the entry of bubbles into the vessels.
